In this work, we study the dynamics of an atomic harmonically trapped large-spin Fermi gas in one dimension (1D). We investigate the interplay of different collision processes. Coherent spin oscillations, driven by spin-changing forward scattering are captured by a mean-field description and scale linearly with density regardless of the dimension of the system. Conversely, "incoherent" collision processes which e.g. lead to the damping of spin oscillations, behave differently. In the usual three-dimensional (3D) case, the rate of incoherent processes increases faster with density than meanfield effects, but in 1D it increases slower. This means, that in the 1D case, incoherent collisions become more important at lower densities. We study these effects by deriving and integrating a quantum Boltzmann equation. We demonstrate that the well known fact that in one dimension, interaction-induced correlations become more dominant at low densities can be observed in far-fromequilibrium spin dynamics.
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I. INTRODUCTION
Ultracold atomic gases have distinguished themselves by offering physicists access to clean, isolated quantum many-body systems with a large degree of control. This makes them ideal systems to study coherent many-body dynamics and to address the question, whether and how an isolated quantum many-body system thermalizes. Another feature of trapped quantum gases is the ability to reduce the dimension of the gas by applying a strong confinement along one or two axes such that arrays of 2D "disks" or 1D "tubes" [1, 2] can be created, which are decoupled and can be described individually. This makes it possible to study lower-dimensional systems, which are expected to show different behavior from regular 1D systems, especially regarding interactions and correlations [3, 4] , with prominent examples the appearance of a confinement-induced resonance [5] or the realization of a Tonks-Girardeau gas [6, 7] . In addition, precise experimental control over magnetic fields and preparation of complex spin configurations has promoted theoretical and experimental studies of spinor dynamics and related properties of large-spin fermions [8] [9] [10] [11] [12] [13] [14] [15] [16] and spin diffusion effects in ultracold spinor gases [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
In this paper we investigate spinor dynamics in a dimensionally reduced system, an ultracold 1D Fermi gas with large spin. We focus on multicomponent systems where interactions are not SU (N )-symmetric because of differences in s-wave scattering lengths for different total spin scattering channels [13] , which leads to the presence of spin-changing collisions. Further, we consider a weakly-interacting gas in an intermediate regime between the hydrodynamic and collisionless cases. In such a system, the leading interaction effect is two-body forward scattering, where not only total kinetic energy is conserved, but also the individual momenta of each atom * Electronic address:ebling@cat.phys.s.u-tokyo.ac.jp involved in a scattering event. Such interactions can be treated on a mean-field level, as they appear as coherent processes on the single-particle level and therefore, the effect of forward scattering is a phase shift. Also present in our considerations are collisions induced by backward scattering, where the individual momenta of particles are changed so that these collisions appear as dissipative processes on the single-particle level.
Dynamics induced by forward scattering can take the form of spin rotations or oscillating population dynamics in homogeneous magnetic fields [14, 30] or spin waves and transport in the presence of inhomogeneous magnetic fields [17, 23, 25, 29] and can be described with a mean field approach that results in a collisionless Boltzmann equation [22] [23] [24] . For such effects, dimensionality only plays a role by rescaling the scattering lengths with a factor depending on the ratio of trapping frequencies, without a qualitative change in behavior under parameter change. What we denote by collisions are scattering events in which individual momenta of particles change. In contrast to the forward scattering mentioned above, such collisions appear as incoherent on the single particle level and can be taken into account by adding a collision integral to the Boltzmann equation. For spin dynamics, collisions lead to damping of spin waves, damping of coherent mean-field oscillations as well as long-time redistribution among spin states [15] . These effects are expected to behave differently for different dimension of the system. It is a well-known fact that in 1D systems, correlations are enhanced at low densities [31] . Similarly, in this paper, we observe a relative increase of coherent processes compared to incoherent ones when the density is increased. Here, the collision rate has a sub-linear growth with density and therefore grows slower with increasing density than mean-field interactions. This behavior contrasts the one observed in 3D, where the growth of the collision rate grows faster with the density than meanfield interactions, up to the point that for very large densities, collisions entirely block mean-field dynamics and FIG. 1. Spin oscillations of a spin 3/2 Fermi gas for weak and strong magnetic fields. Top: B = 0.1 G, the dynamics is dominated by the non-linear mean-field term in Eq. (9) . Bottom: B = 1 G, the dynamics is dominated by the quadratic Zeeman effect and features damped harmonic oscillations with a single frequency and damping rate. In the remainder of this paper, we consider this regime when extracting frequencies and damping rates.
stabilize the system in an originally unstable spin configuration [14] .
In this paper, we investigate the interplay between mean-field dynamics and "collisions" for a range of experimentally realizable parameters. As shown in Fig. 1 , we investigate coherent spin oscillations in a 1D gas, in a regime where the amplitude is relatively small and hence the oscillations are approximately harmonic with exponential damping. The oscillation frequency provides us with a measure for the strength of coherent mean-field interactions, while the damping rate gives us a measure of the collision rate. Our theoretical description is in terms of a quantum Boltzmann equation for the single-particle Wigner function of a multicomponent 1D Fermi gas in a harmonic trap and homogenous magnetic field.
II. SYSTEM
In experiments, 1D quantum gases are created by applying a 2D optical lattice to a sample of atoms trapped e.g. in an optical dipole trap. This optical lattice can be tuned to be so strong that it splits the atom cloud into 1D tubes that are not coupled, and the transversal confinement can be considered harmonic with a frequency ω ⊥ . If the condition ω ⊥ > N ω x is satisfied, for a sufficiently cold gas with temperature k B T ω ⊥ we can assume all particles to occupy the transversal ground state, so that we can treat the system as a Fermi gas in a onedimensional harmonic trap of frequency ω ≡ ω x . For an arbitrary spin F and quadratic Zeeman splitting Q, we describe such a system with the Hamiltonian
The coupling constants U klmn in the interaction part of the Hamiltonian are given by
where km|SM denote the Clebsch Gordan coefficients for a pair of spins with individual magnetic quantum numbers k and m to form total spin {S, M }, and g S = 2 ω ⊥ a S is proportional to the s-wave scattering length for this total spin S channel. The pre-factor 2 ω ⊥ appears due to the transversal confinement [5] .
III. KINETIC THEORY
We describe the time evolution of the system in terms of the single-particle Wigner function
the phase-space representation of the single-particle density matrix. The Boltzmann equation for the timeevolution of W mn (x, p) is given by
It consists of a term ∂ 0 = p∂ x /M − M ω 2 x∂ p that describes the free motion in the trap, a commutator [, ] governing coherent spin dynamics induced by the quadratic Zeeman effect and the mean-field potential V mf , an anticommutator {, } describing spin-dependent forces, as well as a collision integral C. (6) on the outgoing wave vector k in units given by the trapping frequency ω (red line) over a range typical for the systems we consider in this paper. For low s-wave scattering length a, b → 0 in 3D (green) and b → ∞ (blue) in 1D, the asymptotic behavior differs. Consequently, the nonforward scattering rate determined by the imaginary part of the T-matrix has a different density behavior depending on the dimension of the system.
As we present in more detail in the appendix, the interaction terms in Eq. (4) are obtained by truncating the Bogoliubov-Born-Green-Kirkwood-Yvon (BBGKY) hierarchy for the many-body problem at the two-body level and closing it by finding a suitable approximation for the two-body density matrix in terms of single-body density matrices, as well as performing a semi-classical gradient expansion. The mean-field terms are originally the leading term of the collision integral, however it is convenient to separate them and add them to the free motion side of the equation. The mean-field potential
acts as a density-dependent correction to the trapping potential and the magnetic field. The mean-field terms arise from the real part of the T-matrix for low energy two-body scattering, while the origins of the remaining collision integral are the imaginary part of the T-matrix and its square [32] . The T-matrix for a two-body collision at low energies, T ( k , k) = k |T | k , is defined as the amplitude for two scattering particles to transition from a state with wave vectors { k 1 , k 2 } into one with { k 3 , k 4 } and in our case only depends on the relative wave vectors k = k 1 − k 2 and k = k 3 − k 4 . It has a different dependence on the scattering length for different dimensionalities. If for the moment we assume spin-independent scattering with a single s-wave scattering length a, the on-shell T-matrix has the form
for both the 1D and the 3D case. It has the same dependence on the length of the outgoing relative wave vector k , related to the incoming wave vector by conservation of total kinetic and quadratic Zeeman energy (on-shell condition), but the other parameters A and B differ between the 1D and 3D case. In 3D, A = (2π)
The 1D scattering length is inversely proportional to the 3D scattering length of the atoms confined in the onedimensional tube:
The different dependence on the scattering length for both expressions means that in the weakly-interacting limit, the asymptotic behavior is
in 3D and
in 1D, as depicted in Fig. 2 . As a consequence, the collision rate will have a a different dependence on the density. In this paper we show, that different from the 3D case [15] , the growth of the collision rate with increasing density is slower than the linear growth of mean-field effects in accordance with the well known lore that in 1D, interaction-induced correlations become stronger for lower densities. The collision integral is given by
with its derivation detailed in the appendix. The collision integral is derived from the BBGKY hierarchy, which we reduce first to a two-particle level but take into account three-body quantum degeneracy effects, where a third Fermion can occupy and block an outgoing scattering state [33] . Then, in order to obtain a closed kinetic equation for the single-particle Wigner function, we approximate the two-particle density matrix as a function of the single particle density-matrix and perform a semi-classical gradient expansion in phase-space [15, 19, 32, [34] [35] [36] [37] .
In the collision integral, Eq. 9, we modify the T-matrix to be explicitly spin-dependent,
The quantum degeneracy effects that arise from taking into account two-body scattering in the presence of a third particle appear in Eq. 9 as the shielding factor
For spin-changing collisions, the Zeeman energy of a pair of atoms changes which is taken into account by the explicit spin dependence of single-particle energies
IV. SPIN DYNAMICS
We can solve equation (4) with the full collision integral Eq. (9) numerically for various parameters and initial spin configurations. The initial Wigner function at t = 0 we consider is given as where the phase space distribution is approximated by that of a two-component non-interacting Fermi gas, and the matrix with elements M ij is a spin rotation of a two component mixture of hyperfine states states m = ±1/2 about the x-axis with an angle θ, which corresponds to the application of an rf-pulse. The total particle number is given by N = i dx dpW ii (x, p). In this paper, we restrict ourselves to spin-nematic initial states, which are easy to prepare experimentally by e.g. trapping a gas of 40 K atoms in a balanced mixture of hyperfine states |F = 9/2, m = ±1/2 and applying a spin rotation via an rf-pulse [14] . The typical time-evolution of such a state is shown in Fig. 1 for a model 4-component (F = 3/2) system, where we use the scattering lengths a 0 = 119.9 a B a 2 = 147.8 a B , Zeeman splitting and mass of 40 K [13] . The processes seen, coherent spin oscillations, damping and a long-term redistribution among the spin states have been discussed, as well as their origins, in Ref. [15] , with a focus on the redistribution. Oscillations are caused by spin-changing forward scattering, a mean-field effect, whereas damping and redistribution are collisional effects, captured by spin-conserving and spin-changing terms of the collision integral Eq. 9, respectively. Our trapping parameters are ω = 2π × 100 Hz and ω ⊥ = 2π × 20 kHz, such that for low temperatures, we can assume transverse modes to be unpopulated.
We first investigate the dependence of coherent spin oscillations and damping on the applied external magnetic field. Since we assume the damping to be driven by spin-conserving collisions, it should not be affected by the magnetic field. However, since the kinetic equation (4) is non-linear, oscillation frequency, amplitude and damping may depend on one another. In Fig. 1 , we compare a relatively weak magnetic field with a strong one. As expected, the frequency increases with B, while the amplitude decreases, easily understood by viewing the system as a two-level system, where m = ±1/2 and m = ±3/2 correspond to ground and excited state, with energy difference ∆ = 4Q determined by the QZE and the coupling by the spin-changing scattering length. Another difference is that for high B, the oscillations are perfectly harmonic, but not for low B. This is due to the appearance of spatial dephasing at low B, where the oscillation frequency is dominated by interactions ∼ n(x)g, as well as the fact that the interaction term in the kinetic equation Eq. (4) is non-linear, while the Zeeman effect is linear. We have obtained the damping rate depicted in Fig. 3 , by fitting an exponentially damped harmonic oscillation to the numerical results for the population of components m = ±1/2, such as depicted in Fig. 1 , for different values of B. Below 0.6 Gauss, the time evolution is no longer described by such a simple expression: Oscillations are no longer harmonic and the damping not exponential, which we attribute the the reasons mentioned above. Therefore, in the remainder of this paper, we set the magnetic field to B = 0.8 G in order to avoid complex unharmonic dynamics, but keeping the oscillation amplitude and damping rate large.
V. COHERENT VERSUS INCOHERENT PROCESSES
After this preparatory study, we investigate the dependence of the damping rate of coherent spin oscillations on density, at the same time keeping the temperature constant at T = 0.1 T f , where T f denotes the Fermi temperature of the two-component Fermi gas prepared before the initial rf-pulse. In Fig. 4 , we depict the damping rate of coherent spin oscillations as a function of the (peak) density, which is varied by changing only the particle number from 40 to 400 to ensure the validity of the 1D approximation. We extract it by fitting a damped harmonic oscillation f (t) = a + b cos(ωt + φ) exp(−γt) into the time evolution of the spin populations as seen in Fig. 4 . We see the expected sub-linear growth of the damping rate for higher densities. Compared to the linear growth of the mean-field oscillation frequency ω mf = ∆ 2 − (n(x)g) 2 (inset), it means that in 1D for higher densities, meanfield effects such as the spin oscillations become more dominant than dissipative dynamics, opposite to the 1D case.
As a next step, we vary the temperature with respect to the Fermi temperature and keep the density constant, again by changing the particle number, in order to prevent the effect of having increasingly low densities at high temperatures from playing a role, which would make it hard to distinguish density from temperature effects. As depicted in Fig. 5 , the damping rate shows a maximum and decreases both for low and high densities. The drop of the collision rate for high temperatures can be explained by looking again at the momentum dependence of the T-Matrix in Fig. 2 . At high temperatures, the expansion of the gas means, that the large-k tail of the Tmatrix becomes more dominant, although the peak density at x = 0 does not decrease. This leads to an effective reduction of the collision rate for high temperatures.
At low temperatures, three-body (shielding) effects will become important when when investigating effects driven by spin-conserving collisions. When for low T , the number of holes in the Fermi sea decreases, less states are available for particles coming out of collisions, leading to a reduced collision rate. The blue line in Fig. 6 shows the damping rate in case the shielding factor (11) is neglected in Eq. (9) and diverges considerably at low temperatures.
VI. CONCLUSION
We investigated the interplay of mean-field and collision driven dynamics of an ultracold spinor Fermi gas in a 1D geometry. We derived a multicomponent quantum Boltzmann equation that takes into account different two-body collision processes as well as degeneracy effects arising from the presence of a third particle not directly involved in the collision, but possibly occupying a final collision state at very low temperatures. With this method, we studied the interplay of a dynamical mean-field effect, coherent spin oscillations, and the damping of these oscillations, caused by spin-conserving collisions which appear as dissipative dynamics on the single-particle level. We looked at these effects for different densities, temperatures and magnetic fields to note behavior for which the behavior is different in a 1D system compared to the usual 3D case. The collision rate features a sub-linear increase with density, different from the 3D case and consistent with the density of states for a 1D harmonic trap. This means, that in 1D gases, dissipative effects such as collision induced damping are expected to become more important compared to meanfield effects when the density is low. Thus, the enhancement of two-particle correlations in 1D for low densities can be studied experimentally by observing the spin dynamics of a large-spin Fermi gas. Our results emphasize that the behavior of dissipative processes, such as relaxation or thermalization, depends on the dimensionality of the system, and conversely that preparing a quantum system with a certain dimensionality can be used to tune such processes. We derive the quantum Boltzmann equation according to the method described by Jeon and Mullin [32, 36, 37] , which itself is a generalization of the Snider kinetic equation [38] for degenerate gases, obtained by including a "shielding factor" to the operator describing two-body collision, such that three-body effects -the occupation of final states by a third particle in a two-body collision -are taken into account. This shielding factor was derived by Boercker and Dufty very generally for degenerate quantum gases [33] and later applied to systems of liquid Helium by Jeon and Mullin, and here we shortly reiterate the main ideas of these works. Later, we extend this approach to include multicomponent systems with both spin-conserving and spin-changing collisions.
We consider the a dilute gas of N particles, which we for now treat as distinguishable. The free motion of the ith particle in an external potential is described by Hamiltonian H(i) (e.g. the first row of Eq. (1)), and since we consider a dilute system we take into account only twobody interactions described by the operator V (ij), such that the total N -body Hamiltonian is given by
The time evolution of that system can be described by the BBGKY hierarchy [39] , whose first equations are
Here, ρ(1, 2, . . . , N ) denotes the N -body density matrix for distinguishable particles 1, 2, . . . , N and Tr i the trace over all degrees of freedom of the i-th particle. To obtain a kinetic equation for just the single-particle density matrix, the hierarchy must be closed by applying appropriate approximations, since the dynamics of the n-body density matrix depends on the n + 1-body density matrix. To take into account the presence of a third particle during the interaction of two other particles, we neglect correlations of the third particle with the other two and approximate the three-body density matrix as
with the argument that for short-range interactions, the third particle is unlikely to be close enough to the other two to be inside the range of the interaction potential. This procedure closes the BBGKY-hierarchy for the twobody density matrix. To switch from distinguishable to indistinguishable particles and obtain proper (anti-)symmetrization of the wavefunctions, an exchange operator P ij is introduced, which exchanges all degrees of freedom of particles i and j, e.g.
With the approximation (A5) and the inclusion of particle indistinguishability, Eqs. (A2,A3) become
where P ≡ P 12 , H(12) = H(1) + H(2). Most importantly, the effect of the third particle appears in the shielding factor
whereρ
depends on whether our system is bosonic ( = 1) or fermionic ( = −1). Note that for fermionsρ corresponds to the density of holes. The further reduction of (A6) and (A7) to a kinetic equation for just the single-particle density matrix is shown rigorously and in full detail in [33] , it involves the formal solution of Eq. (A7) with ρ(12) treated as a functional of the single-particle density matrix. It is then shown that for dilute gases with short-range interactions, this procedure is equivalent to making the Ansatz
for the two-body density matrix in the first equation of the BBGKY hierarchy. Here, Ω(12) denotes the Møller wave operator associated with the interaction potential V (1, 2). This operator effectively connects the two body density matrices before and after a collision:
† and the approximation made here, dating back to work of Snider [40, 41] , is to assume particles before the collision to be uncorrelated:
With all these considerations, the first equation of the BBGKY hierarchy becomes a closed equation of motion for the single particle density matrix
where V ≡ V (12) and Ω ≡ Ω (12) . The Møller operator is related to the T-matrix via the identity
such that the commutator in equation (A11) now becomes
A comparison of the Ansatz (A10) with the method of closing the BBGKY hierarchy developed by Boercker and Dufty [33] , yield that the T-matrix for two-body scattering fulfills the identity
where the resolvent is given as
and takes into account the presence of a third particle with the shielding factor (A8). This factor reduces or enhances the scattering amplitude, depending on particle statistics, e.g. in the fermionic case a two-body collision is forbidden if one of the outgoing states is already occupied by a third body. Combining equations (A12) and (A14), we obtain
which we substitute into equation (A11) to arrive at the expression
The resulting kinetic equation now takes the form of a Boltzmann equation
and contains two terms linear and quadratic in the Tmatrix each. It has been shown, that for weak interactions, the real part of the T-matrix is approximately linear in the scattering length, dominates and describes forward-scattering so it can be treated on a mean-field level, while the imaginary part is quadratic in scattering lengths and corresponds to lateral collisions [15, 19, 34, 35, 37] . Hence, at this stage we split up the linear terms into real and imaginary contributions
and make use of the optical theorem [33] to transform the imaginary parts into quadratic terms
We now separate the mean-field terms in equation (A18) and transform it into
(A21) It consists of three contributions, from left to right: the drift term of the atoms moving freely in the harmonic trap and external magnetic field, a mean-field interaction term which we derive from the real part of the T-matrix
and the collision integral
The mean-field term does not contain the shielding factors for the presence of a third body at the collision, since they describe forward scattering, where the individual momenta of incoming and outgoing particles are unchanged, and consequently the final states cannot be occupied by a third particle. This term has been derived in earlier work [14, 15, 25] and is given by the mean-field potential
and coupling constants
The Wigner representation is the phase space representation of the single-particle density matrix
related by the Wigner transform
anf its inverse
Since in the expression above for the collision integral, Eq. (A23), the second and fourth terms are the hermitian conjugate of their preceding term, we explicitly derive only the contributions arising from these terms. We start with
, which in its Wigner representation reads
where p ± i = p i ±q i /2. We now insert three complete bases dp i dp j mi,mj |p i m i , p j m j p i m i , p j m j | such that 
Because the T-matrix depends only on relative momenta, we substitute
where p ij = 1 2 (p i − p j ). Energy conservation during a collision is taken care of by the resolvent operator, and we keep the on-shell terms derived in [33] 
In semi-classical approximation, this expression simplifies considerably. We assume the Wigner function (3) to vary only slowly in space compared to the relevant single-particle wavelengths in the system, such that we approximate non-local contributions as W mn (r 1 + y, p) = W mn (r 1 , p) + . . . ,
which leads to the occurrence of more delta-functions in (A36) After carrying out the respective integrations, we obtain C 1 ij (r 1 , p 1 ) = − 1 2i dp 2 dp 3 dp 4 
we find C 3 ij (r 1 , p 1 ) = 1 i dp 2 dp 3 dp 4 
We then obtain the full collision integral by adding the hermitian conjugate terms in (A23), as well as taking into account the exchange terms we so far neglected, to the results above. The final result is C ij (r, p) = − 1 2 dp 2 dp 3 dp 4 m2...m8
δ(p + p 2 − p 3 − p 4 ) T
